The ability of aqueous extracts of cigarette tar to nick DNA was investigated using viable mammalian cells. Tar extracts contain a radical with a stable electron spin resonance (ESR) signal at g = 2.0036 characteristic of a semiquinone. The association of the tar component that carries the ESR signal with DNA was demonstrated using viable rat alveolar macrophages. The formation of single-strand DNA breaks caused by cigarette tar extracts in viable rat thymocytes follows saturation kinetics, indicating a tar component associates with DNA and then nicks it. These studies support our hypothesis that tar components that contain the cigarette tar radical can enter cells, associate with, and then nick DNA. -Environ Health Perspect 102(Suppl 10): 173-178 (1994) 
Introduction
Cigarette smoking is a major cause of human lung cancer (1) , and the evidence suggests that radical mechanisms are involved in causing the DNA damage that could lead to cancer (2, 3) . Cigarette tar contains high concentrations (>1017 spins/gram) of stable radicals that can be observed directly by electron spin resonance (ESR) (4) . At least four radicals have been identified based on their ESR spectral characteristics; the most interesting is a semiquinone in equilibrium with quinones and hydroquinones in a low molecular weight, tar matrix (2, 4, 5) .
For each commercial cigarette smoked, up to 12 mg of particulate material (excluding nicotine and water) is deposited in the lungs of a smoker (6) . This material comes in contact with pulmonary fluids that wash over it and extract the water-soluble components. Therefore, we believe aqueous cigarette tar extract (ACT) solutions are a realistic model of the mixture of chemicals that lung cells are continuously exposed to in the lungs of a smoker.
The tar fraction that contains the semiquinone radical associates with DNA (7) . When calf thymus DNA is incubated This paper was presented at the Conference on with buffer solutions containing the tar radical, the DNA recovered by precipitation contains the tar radical ESR signal, and this signal is not removed by washing the DNA (7) . Aqueous cigarette tar extracts nick plasmid DNA (8) , producing nicks that are not easily repairable (9) ; thus, error-prone mechanisms may be involved in the repair of the tar radicalinduced nicks and these erroneous repairs could lead to mutations. When plasmid DNA is incubated with ACT, the resultant DNA nicking appears to follow saturation kinetics (10) . Based on these preliminary DNA nicking studies, we have proposed a model in which the tar radical first associates with, and then nicks DNA (3) .
It is our hypothesis (2) that superoxide and hydrogen peroxide (H202) result from the reduction of dioxygen by the hydroquinones and/or semiquinone radicals present in smoke extracts (Equations 1-3).
QH2+O2 -QH-+0j+H+ [1] QH++02 -Q+O-+H+ [2] 20-+ 2H > H202 + 02 [3] H202 can then be reduced to the hydroxyl (HO-) radical by metals such as iron (Equation 4), and the resulting HO-radical can then nick DNA (3, 11) .
H202 + Fe+2 -HO + OH-+ Fe+3 [4] The iron in reaction 4 probably is complexed to the DNA via polyhydroxyaromatic components in the tar (3, 11) . In fact, Ghio et al. have found that aqueous cigarette tar extracts complex iron in vitro and in vivo (personal communication).
We report here studies that show the tar radical component in ACT produces DNA nicks using viable mammalian cells. We also report, for the first time, ESR spectra of the tar radical in aqueous solutions and show that the number of DNA nicks produced is proportional to the amount of tar present. We also report the effects of reduced glutathione (GSH), deferoxamine, catalase, and superoxide dismutase (SOD) on the yield of DNA nicks caused by tar extracts. To harvest macrophages from lung, 10 ml of a normal saline solution (37°C) was instilled intratracheally into the lungs, the solution was allowed to remain for one minute, and then recovered. This was repeated three times and the lavage solutions were pooled. Alveolar macrophages were separated from the lavage solutions by centrifugation at 400g. Typically, 5 to 6 million cells with 85 to 90% viability were harvested.
Materials and Methods

Materials
DNA Nlcking in Thymocytes
Thymocytes (17 million cells/tube, 1.2 ml total volume) were incubated on ice with aliquots of ACT for 90 min. For experiments involving inhibitors, the inhibitor was added to the cells prior to the incubation. The cells were then pelleted by centrifugation and resuspended in a buffered isotonic solution, pH 7.2, containing 0.25 M myoinositol, 10 mM sodium phosphate, and 1 mM magnesium chloride. The fluorescence analysis of DNA unwinding (FADU) assay has been described in detail by Birnboim (12, 13) . Briefly, the cells are divided into three types of tubes: T (total double-stranded DNA) tubes, in which care is taken to prevent DNA unwinding, indicate the total (maximum) amount of double-stranded DNA present. P (partially unwound DNA) tubes, which are treated with a viscous alkaline solution that allows for partial unwinding of the DNA, are used to assess DNA damage. B (blank, no double-stranded DNA) tubes, are treated with the viscous alkaline solution and then sonicated with a Branson sonifier 450, 15 pulses at 20% output (Branson Ultrasonics) to effect maximum unwinding of the DNA, and contain no double-stranded DNA. At this stage, the volume of each tube is 1.0 ml, then 1.5 ml of a 6.67 pg/ml solution of ethidium bromide is added to each tube. The amount of double-stranded DNA in each tube is determined by measuring the fluorescence of ethidium bromide using 520 nm excitation and 590 nm emission. Three of each type of tubes, T, P, and B, are used for each determination, and the results are averaged. The amount of double-stranded DNA remaining is calculated from Equation 5:
The amount DNA damage is determined by calculation of the damage quotient Qd, as shown in Equation 6: Qd = (log DC-log DACT) X 100 [6] where DC = double-stranded DNA in control cells and DA,T = double-stranded DNA in ACT-treated cells (12 (4) . The tar radical signal is extracted into aqueous buffers at pH 8.0 and its ESR spectrum observed in aqueous buffers (Figure 1 ). These ACT solutions contain a broad ESR signal with a g value of 2.0035, which we have assigned to the tar semiquinone radical (4) . This g value is typical of organic semiquinones (16) Figure 2 . The treatment of ACT alone with cold ethanol does not result in the precipitation of any material. The DNA that precipitated from ACT-DNA incubations had an ESR signal with a g value of 2.0044, in agreement with our previous report (7) and within the range for semiquinone radical signals (16) .
Next, calf thymus DNA was incubated with ACT and the DNA was isolated on a polycarbonate filter that impedes the passage of long DNA strands (14) . These incubations result in the semiquinone radical becoming retained by the filter; Figure  3 shows the ESR spectrum observed from the dried polycarbonate filter. Control incubations of ACT alone, or calf thymus DNA alone, showed no radical signal remaining on the filter. This indicates that the DNA-tar radical complex is retained on the polycarbonate filter, and there is no nonspecific retention of the tar radical on the filters in the absence of DNA. Since the DNA-radical complex can be trapped on a polycarbonate filter, incubations of ACT with viable RAM cells were performed. RAM were incubated with ACT solutions and the DNA was immobilized on polycarbonate filters using a modification of the alkaline elution method of Kohn et al. (14) . The ESR spectra of the dried filters are shown in Figure 4 . The ACT solution contains a radical that associates with the doublestranded DNA in RAM, and the dried filters show this ESR spectrum. The control incubation of RAM cells alone or ACT alone show no ESR signal. The results of the FADU assay for ACTinduced DNA nicks in rat thymocytes are shown in Figure 5 . The DNA damage quotient (Qd) represents the amount of DNA nicks in the rat thymocytes. (The calculation of Qd is explained in Materials and Methods.) When Qd is plotted versus the total concentration of tar in the aqueous extracts, the maximum Qd and the binding constant can be determined either from a curve-fitting program or by LineweaverBurk or Eadie-Hofstee plots of the data. These three analyses are summarized in Table 1 , and the Lineweaver-Burk plot is shown in the insert of Figure 5 . The maximum value for Qd is 98 ± 13 and the binding constant is 2144 ± 237 )Jg/ml for tar extracts. These data indicate saturation kinetics, with a maximum amount of DNA damage occurring at a tar concentration of 2144 pg/ml. This is the amount of tar produced by approximately 0.23 cigarette. Membrane filters were used to separate the ACT solution into three fractions, and these fractions were tested for DNA nicking activity. Only fraction number 3, the fraction containing material with MW less than 10,000 amu, caused DNA nicks, as shown in Figure 6 . This fraction also contains the semiquinone radical that associates with the DNA in RAM, as shown in Figure 4 .
Eflects ofInhibitors on DNA Damage Caused by ACI Solutions
Catalase, SOD, GSH, deferoxamine, and mannitol were tested to determine if they protect DNA against nicking caused by tar extracts; the results are summarized in Table 2 . Catalase and GSH protected the cells from DNA damage caused by ACT solutions. As the GSH concentration was increased, the amount of protection against DNA nicking by ACT also increased, as shown in Figure 7 . Neither deferoxamine nor SOD protected against DNA nicking caused by ACT solutions. These results are summarized in Table 2 .
Discussion
Studies in our laboratory with cigarette tarinduced DNA nicking were done with isolated plasmid DNA (8) or calf thymus DNA (7). We have extended our studies to determine the effects of cigarette tar in viable cells. We have also shown that the tar radical can be extracted into aqueous buffer solutions and directly observed by ESR.
[We had previously reported ESR spin trap spectra of the hydroxyl radical that is produced by these ACT solutions (18) .] For DNA binding studie used RAM. These cells are targ rette smoke damage (19) (20) (21) (22) (23) (24) (25) (26) (27) ai isolated as a homogeneous cell (28) from the lavage of rat lung modified the alkaline elution Kohn et al. (14) so that it retains only double-stranded RAM on polycarbonate filters. method, we are able to isolate intact cells that have been expo and show that the tar radical l DNA in these cells.
For DNA nicking studi employed the FADU method (32) . Their results, like ours, show that the yield of adducts reaches a saturation maximum (32) . These workers found that glutathione inhibits adduct formation, and they proposed that radical mechanisms are involved in the formation of tar-DNA adducts. Cigarette smoke solutions have been shown to produce hydrogen peroxide (33) . The DNA nicking caused by ACT is inhibited by catalase; hydrogen peroxide is implicated in causing DNA nicks in mammalian cells exposed to ACT. Similarly, Evans et al. showed that catalase protected against cigarette tar damage to the protein alpha-1-proteinase inhibitor (34) .
Glutathione protects against DNA nicking by ACT. Glutathione is known to form covalent adducts with quinones and hydroquinones (35) (36) (37) . Thus, the GSH protection of DNA may be related to the ability of GSH to add to quinones and hydroquinones and perhaps prevent the addition to and nicking of DNA, or to the well known ability of GSH to quench radical signals (38) . 
